Abstract. We study the asymptotic behavior of the ratio of Pauli and Dirac electromagnetic nucleon form factors, F2/F1, in time-like region, for different parametrizations built for the space-like region. We investigate how fast the ratio F2/F1 approaches the asymptotic limits according to the Phragmèn-Lindelöf theorem. We show that the QCD-inspired logarithmic behavior of this ratio results in very far asymptotics, experimentally unachievable. This is also confirmed by the normal component of the nucleon polarization, Py, in e + + e − → N +N (in collisions of unpolarized leptons), which is a very interesting observable, with respect to this theorem. Finally we observe that the 1/Q parametrization of F2/F1 contradicts this theorem.
Introduction
The asymptotic behavior of the ratio R = F 2 /F 1 of Pauli and Dirac electromagnetic nucleon form factors (FFs) has recently arised much interest from the experimental and theoretical point of view. The last experimental data in space-like (SL) region [1] , about the momentum transfer squared (q 2 = −Q 2 ) dependence 1 of the ratio of the Sachs electric and magnetic FFs, µG Ep (Q 2 )/G M p (Q 2 ) (µ is the proton magnetic moment), which has been measured with the polarization transfer method [2] , changed the belief that the QCD asymptotic behavior of F 2 /F 1 1/Q 2 [3] had already been reached for Q 2 ≥ 2 GeV 2 [4]. The recent data suggested a different behavior of this ratio: F 2 /F 1 1/ Q 2 . Such dependence has been justified in the framework of different theoretical approaches [5] [6] [7] [8] [9] [10] [11] [12] . Another approach, confirming the QCD 1/Q 2 behavior, discovered the importance of logarithmic corrections, R ln
, where Λ is the soft scale related to the size of the nucleon. Note that the unexpected behavior of the ratio µG Ep (Q 2 )/G M p (Q 2 ) was predicted before the experiment took place, by a particua e-mail: etomasi@cea.fr b Permanent address: National Science Centre "Kharkov Institute of Physics and Technology", 61108 Akademicheskaya 1, Kharkov, Ukraine.
1 In the following text we will use the notation t = q 2 in TL region. lar VDM model [14] and also in the framework of a soliton model [9] .
The assumption of the analyticity of FFs [15] allows to connect the nucleon FFs in SL and time-like (TL) regions and to study the behavior of the ratio F 2 /F 1 in TL region. The analyticity of FFs, which has been discussed for example in ref. [16] , allows to extend a parametrization of FFs available in one kinematical region to the other kinematical region.
Dispersion relation approaches [17] [18] [19] , which are based essentially on the analytical properties of nucleon electromagnetic FFs, can be considered a powerful tool for the description of the Q 2 behavior of FFs in the entire kinematical region.
The VDM model [14] , after appropriate treatment of the ρ contribution, can be also extrapolated from the SL region to the TL region [20] [21] [22] .
The quark-gluon string model [23] allowed firstly to find the Q 2 -dependence of the electromagnetic FFs in TL region, in a definite analytical form, which can be continued in the SL region.
One of the problems concerning FFs of pions and nucleons is the large difference in the absolute values in SL and TL regions. For example, at q 2 = 18 GeV 2 , the largest value at which proton TL FFs have been measured [24] , the corresponding values in TL and SL regions differ by a factor of two. The analyticity of FFs allows to apply the Phragmèn-Lindelöf theorem [25] which gives a 286 The European Physical Journal A rigorous prescription for the asymptotic behavior of analytical functions:
This means that, asymptotically, FFs have the following constraints:
1. The imaginary part of FFs, in TL region, vanishes: ImF i (t) → 0, as t → ∞; 2. The real part of FFs, in TL region, coincides with the corresponding value in SL region: ReF . In order to test the two requirements stated above, the knowledge of the differential cross-section for e + + e − ↔ p +p is not sufficient, and polarization phenomena have to be studied, too. In this respect, T -odd polarization observables, which are determined by ImF 1 F * 2 , are especially interesting. The simplest of these observables is the P y -component of the proton polarization in e + + e − → p +p that in general does not vanish, even in collisions of unpolarized leptons [27] , or the asymmetry of leptons produced in p +p → e + + e − , in the collision of unpolarized antiprotons with a transversally polarized proton target (or in the collision of transversally polarized antiprotons on an unpolarized proton target) [28] .
These observables are especially sensitive to different possible parametrizations of the ratio R, suggested by QCD and VDM models. Calculations have been done up to t 40 GeV 2 and show that the P y -component remains large in absolute value [29] . For example, QCD-inspired parametrizations, which fit reasonably well the data in the SL region, predict |P y | 35% up to t 40 GeV 2 . Such behavior has to be considered an indication that the corresponding asymptotics are very far, in agreement with the estimations of the quark-gluon string model [23] and VDM approach [20] .
Note another important property of QCD-inspired predictions for nucleon FFs: the corresponding ImF i (t), t ≥ 4m 2 , i = 1, 2 (m is the nucleon mass), either vanish or have a definite sign in the TL region. The previously quoted parametrizations cannot apply in the whole TL region: the asymptotic pQCD behavior follows F 1 (t) t −2 and F 2 (t) t −3 at large t, according to the quark counting rules [3] . The superconvergent conditions 
have to be satisfied, where the lower limit corresponds to t 0 = 4m 2 π , for isovector FFs, and t 0 = 9m 2 π for isoscalar FFs, where m π is the pion mass.
This implies that the nonzero QCD contribution to eq. (2) has to be compensated by the corresponding nonperturbative contribution of opposite sign. We can expect that such contribution mainly arises from the special region of t: t 0 ≤ t ≤ 4m 2 , which is unphysical for the process e + +e − ↔ p+p. The contribution from the different vector mesons (with different masses) is expected to be very important here. We can say that the superconvergent condition (2) can be interpreted as a manifestation of the special duality between pQCD, on the one hand, and the vector meson contribution, on the other [30] . In principle such duality is similar to the well-known Gilman-Bloom duality [31] , concerning the electromagnetic properties of the nucleons in SL region, when the deep inelastic electron nucleon scattering is dual to the excitation of different nucleonic resonances in e − + N → e − + N * . Also, one can mention the duality in hadron physics relating the high-energy behavior of the amplitudes of hadron-hadron scattering, on the one hand, to the resonance physics, on the other.
Returning to the unphysical region, t 0 ≤ t ≤ 4m 2 , we recall, for completeness, that another interesting physical effect has to be taken into account here: specificN N bound states, or even gluon states with J P C = 1 −− quantum numbers. And, due to the analyticity of FFs, these effects should appear in the SL region of momentum transfer, and should be correlated with the asymptotic behavior of FFs.
Our main aim here is to discuss the asymptotic behavior of the existing parametrizations for F 2 /F 1 in TL region, from the point of view of the Phragmèn-Lindelöf theorem. In particular, we will analyze the behavior of Im(F 2 /F 1 ), its convergence to zero and study in more detail the asymptotic behavior of the P y -component of the proton polarization in e + + e − →p + p, which contains equivalent information. For completeness we will also consider the behavior of the ratio R = |F 2 /F 1 | T L /|F 2 /F 1 | SL which should converge asymptotically to unity, following the Phragmèn-Lindelöf theorem.
In order to have a quantitative estimation of the corresponding value of the relevant variable, we will use the following prescription, from ref. [20] : "A function f (z) is said to be x% scaled when its value is x% of the asymptotic value f as (z). The value at which this condition is met is the solution of the equation |f (z)| = x|f as (z)|". For the cases considered here, this definition translates into the following three equations 2 :
where we will take ∆ = 0.1 and ∆ = 0.05 in order to characterize the deviations from the asymptotic predictions of the Phragmèn-Lindelöf theorem. For this aim, three different parametrizations, which apply in the SL region, are considered:
, a = 1.25 GeV from ref. [29] , (6) 
